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I

I .0 Abstract

Specialized equipment has been developed to measure piezo-

(,lectric g and d coefficients of polymer piezoelectric materials.

It is likely that, the same equipment will allow the evaluation

of these properties for composite flexible lead titanate zircon-

ares as well. However; samples of these were not made available

and thus not tested. By means of a special adaptor, the same equip-

ment may be used as a standard Berlincourt d 33,Meter Channel Prod.

Model Number CPDT 3300.

Because of the nature of the polymer film there are several

limitations in the use of the equipment described to measure their

properties. These include both a restricted frequency range and

tst sample size. Accuracy of the equipment is limited to approx-

irnately + 10% for d33 and + 15% for the measurement of the trans-

ve rse coefficients.

(1)



I ritroduttion

The electromechanical test set-up developed for the evaluation

of the polymer films is based on the Berlincourt Piezo d Meter

Channel Products Model CPDT 3300 (description attached). The basic

difference is in the manner of supporting the film which calls for

the tlSe of special adaptors. These are illustrated in figure 1

Reference to figure 1 shows as extension srm attached to

the tipper brac'e which includes thumbscrews for clamping the two ends

()f a strip of stretched polymer film. The lower probe incltudes ai thin

;,,, jrt member around which the film is looped.

The film is dynamically driven along its lengLh while under a

sliqht mechanical bias. Charge is generated on the length-width face

and this allows measurement of d3l. The piezoelectric g 31  coefficient

can also be determined by the same method of loadinq. For this the

!;witlch In the special insert between the Force heid tcst output mid

the diplay unit should be placed in the g position. This provides a

capacitance in series with the test piece which overrides the effect

of its own capacitance. With its value properly chosen a direct valie

of g is provided on the digital display. The mathematical treatment

of the measurement of both d3 1 and 93, is developed later in this

report.

in addition to these features the equipment was designed to he

,i:ed as a standard d33 Meter as well by means of ,i additional

-poc.il tipper probe illustrated in figure 1(c). This is to be .t.t,ich-

,'( to the upper brace. The lower support used for the polymer (ilm is

removed and any of the other standard probes may be inserted. The

equipment is then ready for use as a standard d Meter. In this mode
33

therefore d, of the film may also be measured. However; because of the

I ow vltue involved, the procedure outlined in one of the attachimnt *

;houjtid be followed.

'A "Step by Step Instructions on Use of Channel Products CPDT T'0

t. Measure d .values below 100 x 10- 16 c/N and above 5 x 10
- 1

I.( M asu e 33 tlN

(2)t -....



Despite the apparent simplicity of the final solution much

difficulty was encountered with its early evaluation and consider-

abledebugging was effected. Attempts to obtain results that were

vertually independent of frequency, mechanical bias and length of

sample proved difficult and as a result some limitations are pre-

sent especially-for measurements of transverse mode coefficients.

A frequency dependency exists which is a result of a low system

resonance inherent because of the high compliance of the test load.

Thus not only should the operating frequency be limited to a range

below 100 Hz, test samples less than 2.5 cm - support length by

approximately 6mm or more in width are recommended. This is especial-

ly so with films of 25 or 30 micron thickness which were used in

tev.;L.; to be discussed later. It is likely that with thicker pics,

longer and/or narrower test samples may be evaluated. Further exper-

imental evaluations are recommended to ascertain the best operating

conditions in such cases.

Tension is somewhat critical for all measurements -33 as well.

as 3l (32) and only slight or gentle bias is recommended. Care should

be taken to eliminate sagging and wrinkles. A force gauge mounted on

the Force head provides a quantitative guide to setting tension.

For measurements of d33 only Lest samples of small area slhould

be used. A convenient size was found to be squares of approximately

5mm x 5mm. In this case, probe C (see Operating Manual CPDT 3300)

should be placed in the lower position.

(3)



'(~~D iscussion

'i.l Flexure Approach

An approach contemplated early and described in the

Chinriel Products proposal dated November* 2, 1977 was found to be in-

'f fect ive. In addition it apreared to lack flexibility of utiliz-

,t ion and thus was discarded early.

The concept alluded to involved loading the polymer film

i i bending mode by attaching it to a substrate of geometry and

!At if fness to be unaffected by the film. This appeared at first to

i. t4.,,!';onahle approach since it lends itself to a . imple analvti-

('11 solution. For example: the stress developed in the film for, a

concentrated force at the center of a span for the simply supported

flexure member is the maximum fiber stress determined from the theory

e(f flexure. The output voltage and/or charge are related to the

,iverage stress developed and appropriate piezo coefficients and geo-

n,, rV. HenCe both pertinent coefficients would be easily obtained.

However, the practical adaptation of this concept proved

ditticult. It was not possible to attach the film to the substrate

witoh 1()()% mechanical coupling unless destructive techniques wer', to

bh used, namely bonding and the like. This would not allow for flex-

ililitv of measurement whereby the sample could then be used in

other modes or for adapation to other transducer designs. Attaching

the film by any other technique failed to yield good results. Values

.i!- low as 10% of true level of g and d coefficients were obtained.

';.2 Length Expander Approach

It was apparent therefore that other techniques would be

necessary. The next most obvious choice was to clamp both ends of a

;t.rip of convenient size and apply the dynamic force transverselV,

(i.e. parallel to length and perpendicular to the polar axis) while

m,iintaining gentle tension; the method that evolved is illustrated

in figjure l(d)and was discussed earlier. A second form is shown in

f i rjure I(b).

(4)



In the preferred case (figure l(d) the film is placed

irider tension with a force tending to pull the force head diaphraqm

=,i in ,ipward direction. Conversely in figure 1(b) is shown the opposite

The method of attachment of the film is the same in both cases.

i),, ,,nd of the sample is clamped between the center insulator and Lhe

silvered contact by means of the thumbscrew. The film is then looped

,under (over in the second case) the center member of the lower probes.

Ie, other end is then clamped as above with the opposite thumbscrew.

In t.ilher case very gentle tension is to be maintained so as to avoid

sagging and/or wrinkles.

3.3 Mathematical treatment to determine required capacitance load

for a direct reading of d 3 1

A review of the proceedure used to set-up the required value

"f c . for the digitally displayed value of d 1 or d 2 is outlined br1ow.

'Hie equivalent circuit also is shown below:

V. Cf)

I'.

1. Set up expression for V o open circuit voltage

2. " Cx capacitance of test element

3. . VL voltage across CL load

4. Combine (1) and (2) into (3)
5. Set up expression for V std. (Internal calibration element

in force head)
6. Form the ratio ofV,/V std.
7. The product of (6) and "d 3311 of the standard is the reading

"R" digitallV displaved
8. Solve for "R"

t). St d - unknown d constant - R

10. Solve for CL to read dx in appropriate units

(5)
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Examt I e: ---., ,,

1. Voc = (g3 1/w)F (by definition g.l = (Voc/t)(F/wt) = field/stress

2. C =KT K 1E w/t (parallel plate capacitdnce formula)

'. VL = Voc Cx'/CL  for CL > Cx

4.v g/wF Kt Eoewlt ) (11.CL
.VL  =(311 ) ( 3  0 L

KT 6 X1t (FICL ) I

= g3 1 K3 0

=d 1 O/t)(F/C L ) (since d K T g

d31  L 31 3 031

. Vstd /td

6. VL'Vstd= [(d31.f/t)(1/CL) ]/(d 3 3/Cstd)

"7. =(VLI/V std ) d 33 = (d 31 X1t(l std/Y L  |

8. H - in i0-12 units

). For d in i0 units

,I /H t/ (CL/Cstd)- 1

or CL (e/t)(Cstd)

Cstd= 10- 6 F for the CPI d Meter

(6)



Thus., to( obtain a direct readout of d for a part 2.5 cm

lontl x ().25 cm thick:

C = should be 25 x10 F. .25 x i -

= I OeF

With the polymer film, thicknesses are usually considerably

l ss. For example; the samples available were 2 8 .5/m thick,

Thus forf2.54 cm P/t = 891AF

By reducing this to 89. AF the display reading would have

to b- reduced by a factor of 10. Thus a value shown as 175 would

in fict indicate a d31 of 17.5 x 10 - 1 2 c/N.

In order to illustrate the use of the above procedure we

could have calculated C L with this in mind - that is let readinI

l'w in 10 - 11 units instead. Refer to Step (9).

Thuls d /R (IO-11/0- 12)(CL/Cstd) t/j = I

Iidicatinq display value to be divided by iO i.e.,

CL = I0 - 1 (j/t) Cstd

or

89.1 F

(7)



',.4 Mathematical treatment to determine required capacitance load

for direct reading of g 3 1 "

In this case a small series capacitance C is added as showng
w' w:

VOC

C is inserted in order to reduce if not completely eliminate
q

the effect of C x element (film) capacitance.

That is C < C

also C < CL

Again in outline form:

1. Set up expression for Voc- open circuit voltage

2. VL

3. Combine steps (1) and (2)

4. Set up expression for V - internal calibration standard
in force head

5. Form the ratio V L/Vstd

6. The product of (5) and "d 33 at the standard is the readinq
"R" digitally displayed

7. Solve for "R"

8 Set g - unknown constant = R

o. Solve for ratio C /C to read g in appropriate units
g L -x

(8)



I II.

1. V = (g3 1 /w)F

2. V L =(Cg/c,.v oc

3. V =(Cg/CL)(g31/w)F

4. Vstd = "d3 3"/C std F

5. V L/Vst d = (C /C ) (g ')(C /"d " )Sg L 31 std 33 01.

6. R (in 10 /V d3  f g J~1
units (VL/std "33" = (g/CL Cstd 9.

7. For R in 10 . 3 units

/, ', =, 1 0o-O12 = W (L,/C q )(1/Cstd) (1o-3o/10 - 12)

9. Cg/C L = l -  W/Cstd

-6Cst d = 10 F

Cg = 20 x 10-12 F this generally satisfies conditions

indicated earlier (Cg C and C <<Cg C.

for width = .25" = 6.35 mm then;

C 20 x 10 - 2 x I0 - x 10

.635 x 10 - 2

= 2 1 . 6 3 5AF = 3.15 tF

(9)



:;inl'e we have a double loop of film, the value for w

should be twice that indicated or:

C L= 1. 57,4 F

and I.

C =20 pF

-3
for direct reading of g3 1 in 10 units.

{.5 Special Note applying to the measurement of

The port-ion of film within the -l amped regions represents ,d tid

(,r rti.;t ressed capacitance and thus servcs to act as an additionl-

!hiiiit load. To minimize or eliminate this effect. this portion should

I- red'ln d to ,l minimal amount., thot. is -lampinq should be effect (edI

(,vet, th' smalest amount of material possible. This is illustrated

he0 I ( V"

this not this

(10)
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4.1 Preliminary Tests to Determine d31 and g21 of PVF

Two tests were used to determine the piezoelectric ti r., i;-

ver:,t. coeff i-ients of d and q of PVE) ' amples submil(.,v! f(Ir 1iil:;

protjIr,m. One was a static test and the other dynamic.

In the static test, use was made of the upper brace ind

:atipport. systems developed and discribed earlier. The brace was re

,,oved from the Force head and reattached 180 from its standard

pwo;it ion. This allows sufficient room when placinq the head on ,o

p Ilit lwr'm or at the edge of the work table to. att ach a Chatilloni

oI) Iramr q1aiqe. The set up is illustrated in figqure 2

In a preferred technique, a bias load (approx. V5o qram.s)

provided ,by the weight of the gauge itself is first applied. The

(mit~ptIt. voltaqe qenerated by the film is monitored by an electrometer

,r (( her hiqh impedance detector. The input to the detector is kept

.morted t.o et,ahlish an equilibrium with the initial bias. Thi; i;

r,,,'sv.d :i0mi l t,ir-vois to the application of a superimposed tves I, ,

to ;w('heive an output voltage of some convenient level.

The piezoelectric g coefficient is found as follows:

q,, I =(V'F') 2 w

V open circuit output votaqe, in volts

I - avernqe load ( Ii newt.oin,;) of revvr,, I i.iI-,

w - width of test. piece in meters

Iii addit. ion, measurement, of capacit ance ,nd subsieqecti

e'.Icml~tion of dielectric constant allows for a determination of (I

(12)



Jisults of such tests yielded the following:

-3
Sample A 31= 155 x 10 V m/N

T
K = 14.53

d 3 1 = 19.9 x 10- 12 cN

E N/rn2
Assume; Y 3.6 x 10

k3 1 = 0.105

'3-3

Sample B g3 1 = 155 x 10 - V m/N

T
K 13.0

d 31 17.8 x 10 12 c/N
E =.6 09 N/ 2

Again Assume; Y 3.6 x 10 N/r

k 0.100

A!; i verification of the values of coupling obtained with the

,lid of static tests, a dynamic measurement of k31 was also made.

Thi; was effected by utilizing a piece of stretched film as a 3

termitiil device - as a piezo transformer - as shown in figure

1\ ,;imple non rigorous solution to this arrangement - usinq an

l v, t nechini cal equivalent circuit approach yields the following:

whih reduces to k 2 Vout/Vin for frequencies well below re!;-

'This expression differs from the one derived by J.G. Linvillh

whi ch follows:

k 2 + V
31 Vout /(Vout + in

*1'VF 2. - Models, Measurements, Device Ideas by J.G. Linville-

'l'vchnicl Report No. 4834-3 NSF GRant Eng.75-22329 Stanford

(Inivers Ity March 1978. (13)



lhtlwivr for low values of k (Vi 1 > V t) as is tie c'a!. (($r

p' lVI,' ;- I.tI two ixpressions are v(,Iiivilent. and vilhr n.iV b it, .,.,I

Result.s of this test yeilded:

Sample A k 1  0.104

Sample B k] = 0.101

''ho,: are in qood agreement with the calculated data shown aibove.

4.2 d-Meter Measurements

I).ita to be presented here were taken on material represented by

.Mmple 1 since more of it was made available for test purposes.

,. . I Reveiw of d-meter set up

Amornq the attachments included with this report are two that. are
p-rL iti ot. One was referred to earlier; namely "Use of Channel Prod-

,.-t!; (c'l)T 33o0 with the I l0oiF Decade Capacitance Box" and the second
T "Te'hicial Note No. 1 - Theory of the use of Channel Products ('DT
(X() d., meteor to measure d31 direct.]y on Piezoelect.rlc Ceramic Tihs

,ril HIr'. In ddition reference should be made to the Operatinq

M, I i, I

It,;ically the followinq steps should be used:

For polymer films - the d 33/d31 switch on the rear panel should

he in the dl position. This removes the 1A F load normally in plce

for standard 33 measurements of piezo ceramics and places the Decade

.,ipacit.ance box provided (and appropriately connected to the IINC

corin-ctor at the rear of the instrtmnt.) in parallel with the t,,:;t

s,imple. The d 3 3 /Force switch should be in the d3 3 position.

The value of CL should be determined as in sections 3.3 and 3.4.

(4
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in addition the switch located in a special box connected

to the test output at the force head should be placed in accordance

with the desired parameter.

In the g position, a small capacitance ( 20 pf) is placed

in series with the test element as discussed in section 3.4.

4.2.2 Anisotropy of d and g of PVF2

In one series of tests the anisot-opy of d and g coefficients

were determined on the uniaxially stretched PVF2 . Data were taken

with the d-meter (using both types of lower probes) on samples each

approximately 5 cm by 6.3 mm by 28.5 microns. The effective or clamped

length was approximately 2.5 cm or half of the 5 cm total lenqth. Load

capacitance for these measurements were determined in accordance with

sections 3.3 and 3.4.

Curves of da and g e as a function of d anqle of stretch -

ore shown in figure 4 The values of do seem in agreement at least

for -- 0 (d&- 18.5 x 10 - 12 c/N)which is in good agreement with the

volue shown earlier (Sample B - 17.8 x 10 - 1 2 c/N).However; go at e=O °

is a bit low. Part of this is due to the shunting effect of the unstress-

ed capacitance (film within clamped region) but this only accounts for

perhaps 5%.

It is also likely that these materials are not completely

homoqjeneous and thus the section used for these measurements are in fact.

,,I I,.i I l th.,1 the piece tested earlier.

At any rate the agreement is reasonably good.

/,.2.1 Influence of length of test sample

Another series of tests were performed to show the influence

(i len(Ith of test sample on d 3 1 and g3 1.

These data are shown in figure 5 wherein both d31 and g31

,ire plotted as a function of clamped length. Again both types of lower

probes were used.

(15)



It is believed that the lower values of both d and g at

greater lengths are a result of loss of force (analogous to voltaqe

drop within a generator of moderate internal impedance). Thus as the

compliance of the load increases - as with increasing length (and/or

.li.,~r~ij c'nTItuct~tcmnl ar.1) , ii qIrvatc'r ve-lri ty rainfls an it

Crease in force drop. The calibration standard monitors in essence

the open circuit force rather than force at the load. Hence relativly

stiff samples of the film are recommended for test purposes.

4.2.4 d33 Measurements of PVF2

This is a routine measurement with the d-g switch placed in

the d position and the d 33/d31 switch placed in the d31 position. As

e-xplined earlier this removes the standard 1/,F load across the test

clement. This allows for a variable load (Decade Capacitance Box DC-I)

to be connected instead. This increases the resolution of measurement

for d., values of less than 100. In this case C was set to 0.1/1f4.
.1 L

,rd readings of d33 of several test pieces were displayed as:

d3 3  173 x 10 1 c/N

or d 17.3 x 10- 12 c/N

33

The actual range of a number of samples was from 16.0 through
-12

18.5 x 10 c/N.

.( (ornTc |tsi ons

Despite the limitations in the measurement of d and g coef-

ficients of polymer film, the d-meter described should be a useful

tool. Relative measurements of various samples and/or materials are

feasible.

In addition, direct measurement of d3 is more reliable

especially with the aid of the external variable load capacaitance

provided to increase resolution.

Finally, the equipment is also useful as a standard d33 meter

with additional features such as a d3 3/d 31 switch and variable load

t (16)



to ,|commodate a variety of piezo ceramics as well as provision

t or (I constant measurements.

It is conceivable that improvements can be made in the accuracy

by appropriate modifications. Two of these include a) more coii; wnt.

,!aphraqm to reduce the influence of load compliance and b) a reloca-

tion of the force sensing standard to more precisely indicate load

force. A more compliant diaphragm would also require other internal

modifications to keep the system resonance high.

(17)
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